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Abstract

Models were designed to resolve deficienciesin the SCDAP/RELAP5/MOD3.2 calculations of the config-
uration and integrity of hot, partially oxidized cladding. The modeling was improved in five areas. Firgt,
the configuration defined for melted metallic cladding retained by an adjacent oxide layer was improved.
The major basis for this improvement was a compilation of PIE results from severe fuel damage tests of
the configuration of melted metallic cladding. In general, the PIE results showed that melted cladding
relocates in the circumferential direction in cladding that has experienced at least a small degree of bal-
looning. Therelocation in the circumferential direction decreases by about afactor of two the surface area
of metallic cladding in contact with steam. Second, the empirical model to account for the effect on oxida-
tion of intact cladding of relocated material was modified to account for PIE results showing that the oxi-
dation of intact cladding is not significantly reduced by the presence of arather high concentration of
relocated material. Third, models for the dissolution of the oxide layer by the metallic layer wereimple-
mented into the code. Fourth, a model was added to cal culate the thermal stress applied to the oxide layer
by the temperature gradient across the oxide layer and to compare this stress to the ultimate strength of the
oxide layer. The extent of dissolution istaken into account when evaluating the structural integrity of the
oxide layer. Fifth, anew rule based on theoretical and experimental results was established for identifying
the regions of afuel rod with oxidation of both the inside and outside surfaces of the cladding. The assess-
ment of these models and their integration into SCDAP/REL AP5 showed that the calculated axial distribu-
tion in cladding oxidation and relocation are in significantly better agreement with experimental results
thanis currently the case. The modeling changes account for three aspects of behavior that were not previ-
ously calculated correctly; (1) dissolution of a significant fraction of the cladding oxide layer during the
incubation period of dissolution, when the dissolution occurs rapidly but only for a short period (~ 14 s),
(2) oxidation of intact cladding in regions with a significant concentration of relocated material, and (3)
failure of the oxide layer due to excessive thermal stress at locations with arapid rate of oxidation and a
high decay heat. The dissolution during the incubation period was calcul ated to have a significant impact
on cladding meltdown in the upper region of afuel rod, where steam starvation may limit the extent of
cladding oxidation to less than 19% at the time the metallic part of the cladding melts. After completion of
the incubation period of dissolution, the rate of thinning due dissolution in steam-rich locations was calcu-
lated to be less than the rate of thickness increase due to oxidation.The implementation of these models
eliminates to a significant extent the tendency of the SCDAP/RELAPS code to overpredict the extent of
oxidation of the upper part of fuel rods and to underpredict the extent of oxidation of the lower part of fuel
rods and the part with a high concentration of relocated material. Thisreport isafinal design version and
areissue of an earlier report with the samettitle.
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1. Introduction

The configuration and integrity of partially oxidized fuel rod cladding at high temperatures has a
significant influence on the progression of damage in a reactor core during a severe accident. The
configuration and integrity change as the cladding temperature increases. First, ballooning and rupture of
the cladding may occur due to excessive internal pressure in the fuel rods. Double-sided oxidation will
occur in the neighborhood of the rupture. If cladding heatup continues, the metallic part of the cladding
will melt. If no cladding ballooning has occurred, the melted metallic part of the cladding remains
configured as an annulus. If cladding ballooning has occurred, the metallic part of the cladding undergoes
some relocation in the circumferential direction and changes into the configuration of a segment of an
annulus (“quarter moon” configuration). Next, the metallic part of the cladding begins to dissolve and
diminish the thickness of the oxidic part of the cladding adjacent to it. If the cladding maintains a high
temperature, the oxidic part of the cladding may fail due to stresses or be diminished in thickness to the
vanishing point for the case of steam-starved conditions. Then, the metallic part of the cladding slumps to
alower location. If relocated cladding material from a higher location freezes on the outside surface of the
cladding, the integrity of oxidic part of the cladding may be reinforced. These changesin the configuration
of the metallic part of the cladding and in the integrity of the oxidic part of the cladding have a significant
impact on the size of the area over which cladding oxidation occurs and thus on oxidation driven heatup of
areactor core.

The assessment of SCDAP/RELAP5/MOD3.2% indicated that the code was overpredicting the extent
of oxidation of cladding in the upper part of fuel rods and underpredicting the extent of oxidation in the
lower part of fuel rods. The assessment indicated that the overall oxidation of fuel rods was in good
agreement with experimental results but that there was a significant discrepancy between calculated and
measured axial distribution of oxidation. This discrepancy in the axial distribution of cladding oxidationis
due to incorrect mapping of the configuration of the metallic part of the cladding and of the integrity of the
oxidic part of the cladding as fuel rod heatup and damage progression occurs. The current mapping of the
configuration of the metallic part of the cladding with respect to a damage index is shown in Figure 1. The
damage index is defined in Table 1. The reacting annulus of melted cladding indicated in Figure 1 is a
reference to metallic cladding that chemically reacts with the oxide layer it contacts and dissolves at |east
part of it. As indicated from Post-Irradiation Examinations (PIE), the correct mapping of cladding
configuration with respect to damage index should be as shown in Figure 2. For damage indexes “1" and
“2", the metallic and oxidic parts of the cladding maintain a perfect annular configuration and there is no
reaction of the metallic part with the oxidic part. A schematic of the cladding configuration for damage
index “3” asit is currently modeled and as PIE results indicate it should be modeled is shown in Figure 3.
The dissolution of the oxidic part of the cladding by the metallic part of the cladding previously was not
calculated but modeling changes were developed to calculate this process. Since this report does not
present changes in the modeling of fuel dissolution, this process is not shown in Figure 3. Schematics of
the developed cladding configurations for damage indices “4”, “5", and “6” are shown in Figure 4, Figure
5, and Figure 6, respectively. These figures also show the previous cladding configuration with respect to
damage index. As shown in Figure 6, melted cladding that Sslumpsis in the configuration of drops for both
the previous and the advanced modeling.
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Table 1. Definition of damage index.

Damage

g Definition
index

no cladding ballooning or melting

cladding ballooning but no melting

cladding melting but no ballooning

cladding melting and ballooning

cladding melting and ballooned or not ballooned, and presence of relocated material
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breach or vanishing of oxidic part of cladding
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This report consists of two basic parts. In the first part, a basis for a correct mapping of the
configuration of melted metallic cladding is established from a compilation of PIE results from severe fuel
damage tests. In the second part, empirical equations are developed for calculating the integrity of the
oxidic part of the cladding as a function of its stress and the extent of its dissolution into the metallic part
of the cladding that it contacts. These equations will replace the previous criterion for loss of integrity
which was based on temperature and extent of oxidation. Each of the implemented modeling changes as
indicated in Figure 3 through Figure 6 contributes to a calculation of less oxidation of the cladding in the
upper part of fuel rods and greater oxidation in the lower part of fuel rods. After implementation of each of
these modeling changes, the calculated axial distribution in cladding oxidation is in significantly better
agreement with experimental results.

The revised cladding configuration mapping and integrity evaluation are empirical. Mechanistic
models for calculating the changes in cladding configuration and integrity as fuel rod heatup and damage
progress would require an order of magnitude increase in the spatial detail of calculated cladding behavior.
For example, mechanistic modeling to account for the effect of eccentricity of the fuel pellets on fuel
cladding chemical reaction would require the introduction of a spatial coordinate in the circumferential
direction. As aresult, fuel rod behavior would need to be calculated in three dimensions (radial, axia, and
circumferential) instead of the current two dimensions (radial, axial). Such detail is beyond the scope of a
systems analysis code such as SCDAP/RELAPS. Also, the structural properties of the metallic and oxidic
phases of the cladding required for a mechanistic approach are not firmly established at high temperatures
(temperatures greater than 2000 K). So the best approach to resolving the identified deficiency in
calculated axia distribution of oxidation was to develop empirical models based on the greatest possible
collection of experimental results. These empirical models are a significant improvement over previous
modeling that was based on assumptions of cladding configuration mapping that were not consistent with
experimental results. Also, the empirical models were developed and implemented with a significantly less
amount of effort than would have been required for fully mechanistic models.



The organization of thisfinal design report is as follows. Section 2 presents comparisons of SCDAP/
RELAP5/MOD3.2 calculations and experimental results that identify the discrepancy between calculated
and measured axial distribution in cladding oxidation. This section also presents observations of cladding
relocation. Section 3 presents the PIE results used to establish a basis for the revised mapping of cladding
configuration. Section 4 presents the set of rules used to map the configuration of partially oxidized
cladding in a manner that is consistent with PIE results. This section also defines the model applied to
calculate theintegrity of the oxidic part of the cladding that retains the melted metallic part of the cladding.
The integration and implementation of the revised models into SCDAP/RELAP5/MOD3.2 is described in
Section 5. The testing and assessing of the new and improved models is presented in Section 6. A
summary of the implemented changes in modeling is presented in Section 7 and the references are
presented in Section 8.

2. Assessment of Calculated Axial Distribution in Oxidation

This section presents a comparison of calculated and measured axial distributions in cladding
oxidation for a range of severe accident experiments. The calculations were performed by SCDAPF/
RELAP5/MOD3.2! without the modeling inprovement described in this report. While the overall extent of
cladding oxidation was in fairly good agreement with experimental results for these experiments, generally
the calculated and measured axial distributionsin oxidation were not in good agreement. The general trend
was an overprediction of cladding oxidation at the top of the test fuel rods and an underprediction of
oxidation at the bottom of fuel rods. In addition, the extent of cladding oxidation generaly was
significantly underpredicted at locations with a significant amount of relocated material. Five severe
accident experiments were identified that had PIE results useful for assessing the cal culated and measured
axial distributions in cladding oxidation. These five experiments were; (1) PBF SFD1-12, (2) PBF SFD 1-
43, (3) CORA-13% (4) PHEBUS B9+,° and OECD LOFT FP-25. The PIE results of these five severe
accident experiments from which comparisons can be made of calculated and measured axial distributions
in cladding oxidation are presented next. The presented PIE results include the measured variation in the
axia direction of the fraction of cladding oxidation and the measured maximum temperature at various
elevations in the test bundle. The calculated local temperature at the time that the calculated fraction of
oxidation equaled the measured fraction of oxidation is also presented. Other data that may be useful for
mapping cladding configuration as a function of damage progression are aso presented. This data includes
the measured cladding hoop strain as a function of elevation, data indicating whether liquefied cladding
was observed to have slumped from a location and whether relocated cladding was observed to have
solidified at alocation.

The calculated and measured axial distributions in cladding oxidation for the PBF SFD 1-1 test? are
compiled in Table 2. The table also includes information on calculated and measured axial temperature
profiles, measured cladding relocation and the measured extent of cladding ballooning. The maximum
calculated temperature at an elevation is indicated by values for extent of oxidation placed in the four
columns for temperature; for example, an entry in the “2300” column but not in the “2400” column
indicates that the maximum cal culated temperature exceeded 2300 K but not 2400 K. A column indicating
the measured cladding hoop strain is placed in the table to indicate the value of this important oxidation
parameter. As shown in this table, SCDAP/RELAP5/MOD3.2 significantly underpredicted the extent of
cladding oxidation in the elevation interval of 0.1 m to 0.3 m and significantly overpredicted the extent of
oxidation in the elevation interval of 0.7 m to 0.8 m. The overprediction in the elevation range of 0.7 m to
0.8 m may in part be due to the code not modeling the heatup of cladding caused by its uptake of hydrogen



which theoretical analyses have indicated may be of the same order of magnitude as that caused by
oxidation®®. Claddi ng material was measured to slump away from the 0.7 m to 1.0 m elevation interval
and the 0.3 m to 0.4 m elevation interval and to slump to the 0.05 m to 0.2 m elevation interval. The
maximum concentration of relocated material occurred in the elevation interval of 0.05 m to 0.20 m,
wherein all the space between the fuel rods in the center part of the test bundle was filled with relocated
material. As shown in the table, SCDAP/RELAP5/MOD3.2 significantly underpredicted the temperature
at the elevation of 0.14 m, where all of the space between the fuel rods was filled with relocated material.
At this elevation, the maximum temperature was calculated to be less than 2300 K (indicated by no
number entered in the 2300 K column of table), but the PIE results showed that the maximum temperature
was 2890 K. The hot temperature shown by the PI E results and the 100% oxidation of the fuel rod cladding
at this elevation indicate that the relocated material did not completely block oxidation at thislocation. The
PIE indicated maximum temperatures at the 0.46 and 0.61 m elevations are not consistent with the
measured fractions at cladding oxidation at these locations; significantly greater temperatures are implied
by the large amount of oxidation that occurred.

Table 2. Comparison of calculated and measured axial distribution in cladding oxidation for PBF SFD 1-
1 test.

PIE . .
- Calculated fraction of cladding Measured/
: . measured
Elevation ind pated oxidized when calculated .~ | caculated | measured
maximum slumping® :
temperature (K) > fraction of hoop
temp. /measured . .
cladding strain
blockage? | - vidized
(m) (K) 2300 | 2400 | 2500 | 2600
0.04 2200 no/no 0.60/0.0 <0.01
0.14 2890 nolyes 1.00/0.51 <0.01
0.23 2560 0.13 no/no 1.00/0.13 0.20
0.33 2240 0.16 0.16 0.16 0.16 yes/no 0.25/0.16 0.32
0.46 2180 0.24 0.29 0.36 0.36 no/no 0.65/0.36 0.30
0.61 2190 0.21 0.25 0.38 0.38 no/no 0.45/0.38 0.30
0.74 2260 0.22 0.39 0.42 0.46 yes/no 0.11/0.46 0.30
0.88 >1860 0.28 0.30 0.32 0.34 yes/no 0.20/0.34 0.10

The calculated and measured axial distributions in cladding oxidation for the PBF SFD 1-4 test® are
compiled in Table 3. As shown in this table, SCDAP/RELAP5/MOD3.2 significantly underpredicted the
extent of cladding oxidation in the elevation interval of 0.1 m to 0.3 m and significantly overpredicted the
extent of oxidation in the elevation interval of 0.8 m to 1.0 m. The overprediction of oxidation in the
elevation range of 0.8 m to 1.0 m may in part be due to the code not modeling the dissolution of ZrO, by
melted Zr and in part due to the code not modeling the heatup of cladding caused by its uptake of
hydrogen. Cladding was measured to slump away from the 0.30 m to 1.0 m elevation interval and to slump
to the 0.20 m to 0.40 m elevation interval. The maximum concentration of relocated material occurred in



the elevation interval of 0.20 mto 0.30 m, wherein all the space between the fuel rods in the center part of the test
bundle was filled with relocated material. A significant concentration of relocated metallic material aso
occurred in the elevation interval of 0.05 m to 0.20 m. Some ceramic and metallic material relocated into the
elevation interval of 0.30 to 0.40 m. The comparisons of maximum calculated temperature and maximum PIE
indicated temperature indicate that the code probably overpredicted the temperature in the elevation interval of
0.7mto 0.8 m.

The PIE results indicated that a large concentration of relocated material may not slump until its
temperature exceeds 2800 K. In the elevation interval of 0.15 m to 0.30 m, wherein a large concentration of
relocated material was present, the PIE results showed that material at a temperature of about 2800 K slumped
into this elevation interval. The in-place material in this elevation interval did not exceed a temperature of 2400
K. Two scenarios for material relocation are consistent with the PIE results. One scenario is that a large
concentration of previously relocated material at a temperature of 2800 K slumped into this elevation interval.
The other scenario is that the oxide layer above the 0.3 m elevation that was retaining liquefied material did not
fail until its temperature exceeded its melting temperature, which is about 2800 K.

Table 3. Comparison of calculated and measured axia distributions in extent of cladding oxidation for PBF
SFD 1-4 test.

PIE . .
o Cadlculated fraction of cladding Measured/
, - Measured
Elevation | nd _cated oxidized when calcul ated .~ | calculated | Measured
maximum slumping~ :
temperature (K) > fraction of hoop
temp. /measured : .
cladding strain
blockage? | - (idized
(m) (K) 2300 | 2400 | 2500 | 2600
0.05 >1200 nolyes 0.10/0.0 <0.01
0.15 >2000 no/yes 1.00/0.02 <0.01
0.25 >2200 0.11 0.11 0.11 no/yes 1.00/0.11 <0.05
0.35 >2600 0.35 0.40 0.52 0.52 yeslyes 0.50/0.52 0.207?
0.55 >2800 0.28 0.33 0.37 0.40 yes/no <0.30/0.37 0.307?
0.75 >2200 0.21 0.24 0.26 0.26 yes/no 0.37/0.26 0.30?
0.85 >2200 0.29 0.50 yes/no 0.22/0.86 0.30?

The calculated and measured axial distributions in cladding oxidation for the KfK CORA-13 experiment?
are compiled in Table 4. Entries in the table with a question mark indicate the experimental results did not
evaluate that entry or the measured value has a large uncertainty. This experiment reflooded a partially oxidized
hot test bundle. As shown in this table, SCDAP/RELAP5/MOD3.2 significantly underpredicted the extent of
cladding oxidation in the elevation interval of 0.4 m to 0.5 m, wherein the maximum blockage occurred, and
significantly overpredicted the extent of oxidation in the elevation interval of 0.8 mto 1.0 m. The overprediction
of oxidation in the elevation range of 0.8 m to 1.0 m may in part be due to the code not modeling the dissolution
of ZrO, by liquefied Zr and in part due to the code not modeling the heatup of cladding caused by its uptake of
hydrogen. Cladding was measured to slump away from the 0.5 m to 1.0 m elevation interval and to slump to the
0.4 m to 0.5 m elevation interval. The maximum concentration of relocated material occurred in the elevation



interval of 0.40 m to 0.50 m, wherein all the space between the fuel rods in the center part of the test
bundle was filled with relocated material. A significant concentration of relocated control rod material
occurred in the elevation interval of 0.15 m to 0.35 m. The comparisons of maximum calculated
temperatures and maximum PIE indicated temperatures indicate that the code overpredicted the maximum
temperature at all elevations except the 0.6 m to 0.8 m elevation interval. The degradation of the test
bundle precluded identification the region of the test bundle where double-sided oxidation occurred.

Table 4. Comparison of calculated and measured axial distributions in extent of cladding oxidation for
KfK CORA-13 test.

M easured Calculated fraction of cladding M red Fraction
Elevation | maximum oxidized when calculated casU cladding | Measured
slumping? S
temp. temperature (K) > oxidized: hoop
/measured .
blockage? measured/ strain
(m) (K) 2300 | 2400 | 2500 | 2600 " | caculated
0.05 <1273 0.17 0.19 0.26 no/no 0.0/0.21 <0.10
0.15 1273 0.15 0.18 0.18 0.18 no/no 0.0/0.17 <0.10
0.25 1530 0.36 0.45 0.46 no'no 0.07/0.43 <0.10
0.35 1880 0.69 0.69 0.69 0.69 no/no 0.57/0.70 <0.10
0.45 1970 0.08 0.08 0.11 0.11 no/yes 1.0/0.10 <0.10
0.55 2130 0.08 0.08 0.11 0.14 yes/no <1.0/0.16 0.30
0.65 ? 0.25 0.29 0.36 0.41 yes/no <1.0/0.36 0.30
0.75 ? 0.07 0.07 0.11 0.11 yes/no <1.0/0.20 0.30
0.85 2130 0.20 0.22 0.24 yes/no <0.05/0.43 0.30
0.95 2130 0.18 0.21 0.23 0.23 yes/no <0.05/0.40 0.30

The calculated and measured axial distributions in cladding oxidation for the PHEBUS B9+
experiment® are shown in Table 5. This test provides information on cladding behavior for the case of
extreme steam starvation. In this experiment, the steam flow through the bundle was replaced with helium
flow after the bundle had increased in temperature to the point where rapid oxidation of fuel rod cladding
was occurring. The PIE results available for this experiment are considerably less than those available
from the previous three experiments. Therefore, all of the values except the measured fraction of cladding
oxidation are calculated values. The table shows that a significant discrepancy between the calculated and
measured extent of cladding oxidation occurred at the 0.44 m elevation, where the cladding was cal cul ated
to be completely oxidized but the measurement indicated that the cladding was only 40% oxidized. This
discrepancy is considered to be due to the calculation of double-sided oxidation at this location where in
reality the oxidation was single-sided. The PIE results indicated that the maximum blockage occurred at
the elevation of 0.26 m, where all of the space between the fuel rods was filled with relocated material in
part of the bundle cross section. The temperaturesin the bottom 0.4 m of the test bundle were calculated to
become very hot (temperature > 2500 K) only during the helium flow phase of the experiment. As aresult,



the calculated fractions of cladding oxidation in this elevation interval are relatively small considering the
temperatures attained in this elevation interval.

Table 5. Comparison of calculated and measured axial distributions in extent of cladding oxidation for

PHEBUS B9+ test.
Maximum | Calculated fraction of outer half Fraction
Elevation | calculated of cladding oxidized when Calculated | cladding | Calculated
temp. calculated temperature (K) > slumping? | oxidized: hoop
/blockage? | measured/ strain
(m) (K) 2300 | 2400 | 2500 | 2600 calculated
0.04 2691 0.03 0.03 0.03 0.03 yes/no 0.0/0.02 0.01
0.12 2831 0.07 0.07 0.07 0.07 yeslyes 0.03/0.06 0.01
0.20 2867 0.13 0.13 0.13 0.13 yes/no 0.05/0.11 0.01
0.28 2579 0.22 0.22 0.22 yeslyes 0.10/0.21 0.02
0.36 2565 0.33 0.33 0.33 0.33 yes/no 0.25/0.31 0.02
0.44 2580 0.43 0.43 0.43 yes/no 0.40/0.86 0.08
0.52 2698 1.00 1.0 1.0 1.0 yes/no 0.70/1.0 0.15
0.60 2666 1.0 1.0 1.0 1.0 yes/no 1.0/1.0 0.20
0.68 2541 1.0 1.0 1.0 no/no 1.0/1.0 0.13
0.76 2139 0.70 0.70 0.70 0.70 no/no 0.75/0.52 0.02

The calculated and measured axial distributions in cladding oxidation for the OECD LOFT FP-2
experiment6 are shown in Table 6. This test provides information on the behavior of fuel rod cladding for
cases in which reflood occurs and the maximum fuel bundle temperature exceeds 3000 K. This table also
presents the SCDAP/RELAP5/MOD3.2 calculations of the extent of cladding oxidation as a function of
the cal culated temperature exceeding a range of thresholds.
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Theresultsin Table 6 indicate that SCDAP/RELAP5/MOD3.2 significantly overpredicted the extent

Table 6. Comparison of calculated and measured axial distributions in extent of cladding oxidation for
OECD LOFT FP-2 test.

MaXTUM | Calculated fraction of outer half | | Fraction
Elevation | . . of cladding oxidized when .~ | cladding | Measured
indicated slumping~ e
calculated temperature (K) > oxidized: hoop
temp. /measured .
measured/ strain
blockage? calcul ated
(m) (K) 2300 | 2400 | 2500 | 2600
0.48 1800 no/yes 0.02/0.90 0.05
0.66 >2880 0.90 no/yes >0.26/0.90 <0.30
0.77 >3120 0.80 0.80 0.80 0.13 no/yes 1.0/0.80 0.30
0.88 >2960 0.35 0.40 0.52 no/yes 1.0/0.76 0.30
1.04 >2530 0.76 no/no 1.0/0.76 0.30
1.20 >2330 yes/no 0.69/0.77 0.30
1.30 >2220 yes/no <0.57/0.83 <0.307?
145 >2080 yes/no <0.5?/0.68 <0.30?
1.68 >1820 yes/no <0.57/0.91 <0.30?

of cladding oxidation in the elevation interval of 1.30 m to 1.68 m and also overpredicted the extent of
oxidation at the 0.48 m elevation. The overprediction of oxidation in the elevation range of 1.30 m to 1.68
m may in part be due to the code not modeling the dissolution of ZrO, by Zr and in part due to the code not
modeling the heatup of cladding caused by its uptake of hydrogen. The overprediction of the cladding
oxidation at the 0.48 m elevation is due to an overprediction of the temperature at this elevation; the
maximum temperature was cal culated to be 2250 K but the maximum temperature as indicated by the PIE
results was only 1800 K.

For the OECD LOFT FP-2 experiment, cladding was observed to Slump away from the 1.1 mto 1.68
m elevation interval and to slump to the 0.5 m to 0.9 m elevation interval. The maximum blockage from
relocated material occurred in the elevation interval of 0.66 m to 0.77 m, where al of the space between
the fuel rods in part of the fuel bundle was filled with relocated material that was completely oxidized. In
the elevation interval of 0.8 m to 1.4 m, only small concentrations of relocated material were found. All of
the relocated material in this elevation interval was completely oxidized. The PIE results showed that there
were no metallic layers of cladding in the elevation interval of 0.66 m to 1.68 m (top of active fuel stack)
and the layers of oxidized cladding in this elevation interval were considerably thinner than the thickness
of completely oxidized cladding. As aresult, it can be inferred for this elevation interval that the cladding
oxide lost its structural integrity and released the liquefied metallic cladding it was retaining or that some
of the metalic cladding reacted with the fuel. Some removal of fuel from the outer part of the fuel pellet
stack should be evident at locations where liquefied cladding with dissolved fuel flowed away. Since there
is no evidence of thisremoval in the elevation span of 0.66 m to 1.04 m (except at the elevation of 0.88 m),
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it can be inferred that in this elevation interval the oxide layer for the most part retained liquefied material.
On the other hand, at the elevation of 0.77 m the oxide layer was calculated to lose its structural integrity
and release the liquefied material it had retained. This discrepancy between PIE results and calculationsis
apparently due to deficiencies in modeling the effect of relocated material on the structural integrity of the
oxide layer. In the elevation interval of 1.04 mto 1.68 m, the PIE resultsindicated that cladding meltdown
occurred but cladding meltdown was calculated not to occur in this elevation interval. This discrepancy
between calculations and PIE results was not necessarily due to discrepancies in modeling the structural
integrity the cladding oxide layer; the maximum temperature cal culated for this elevation interval was less
than the melting temperature of the metallic part of the cladding. This discrepancy in temperature was in
part due to the lack of a model to calculate the heatup due to hydrogen uptake and in part due to an
underprediction of cladding ballooning in this elevation interval.

The PIE results indicated that cladding ballooning to the point of rod-to-rod contact occurred in the
elevation interval of 0.77 m to 1.20 m. Ballooning to the point of rod-to-rod contact corresponds with a
cladding hoop strain of about 0.30. The large extent of bundle degradation in the elevation interval of large
cladding hoop strains precluded the PIE results from identifying whether the cladding oxidation in this
region was single-sided or double-sided.

3. PIE Results for Mapping Cladding Configuration

This section presents PIE results that were used as a basis for mapping the configuration of fuel rod
cladding as a function of damage progression. The PIE results were obtained from the five severe fuel
damage experiments referenced in the previous section, namely the PBF SFD 1-1 test, PBF SFD 1-4 test,>
KfK CORA-13 Test,* PHEBUS B9+ test,” and the OECD LOFT FP-2 test®.

At locations where cladding ballooning and melting has occurred, PIE results indicate that the
liquefied metallic layer generally has an asymmetric configuration. Figure 7 shows an example of the
diverse possibilities for the configuration of the liquefied material layer for two adjacent fuel rods.® In one
fuel rod, the configuration of the metallic layer is amost annular in shape and in an adjacent rod the
metallic layer has significant asymmetry. Further examples from PIE results for the OECD LOFT FP-2
test of an asymmetric configuration of aliquefied metallic layer are shown in Figure 8 through Figure 11.
An example of an asymmetric shape of liquefied cladding and dissolved fuel from the PIE results of the
PBF SFD 1-1 experi ment? is shown in Figure 12 . No PIE results were found that indicate ametallic layer
stays sandwiched between the inner and outer oxide layers after the metallic layer has liquefied. In some
cases the metallic part of the cladding is concentrated in a 90 degree circumferential segment of the
cladding and in other cases the metallic part is spread over most of the circumference. The average value
of the circumferential segment retaining liquefied metallic cladding is estimated to be about 180 degrees.
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Figure 7. Example of diverse configurations of liquefied metallic layer from PIE results of OECD LOFT
FP-2 experiment.

Bubblein
€poxy
Fully oxidized
cladding
remnants—
(U,Zr) melt
between fuel
(U,Z1)0y) and cladding

88M 395 L1Areal

Figure 8. Example of asymmetric configuration of liquefied metallic layer from 0.96 m elevation of
OECD LOFT FP-2 Test bundle (L1 Areal).
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Figure 9. Example of asymmetric configuration of liquefied metallic layer from 0.96 m elevation of
OECD LOFT FP-2 Test bundle (L1Area2).
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Figure 10. Example of asymmetric configuration of liquefied metallic layer from 1.04 m elevation of
OECD LOFT FP-2 test bundle (M3Areal).
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Figure 11. Example of asymmetric configuration of liquefied metallic layer from 1.04 m elevation of
OECD LOFT FP-2 test bundle (M4Areal).
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Figure 12. Example of asymmetric shape of quefied cladding and dissolved fuel from PBF SFD 1-1
experiment.
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The presence of alarge concentration of relocated material on the outer surface of an oxide layer may
give it structural support and may effect the rate of oxidation of the underlying metalic layer. An example
from the OECD LOFT FP-2 experiment® of fully oxidized cladding surrounded by relocated material is
shown in Figure 13. This figure indicates that partially oxidized cladding continued to oxidize after being

Fully oxidized

cladding shell
Bubbles
in
€poxy

(U,Zr)0,

88M 1252 33 Areal

Figure 13. Example from OECD LOFT FP-2 experiment of fully oxidized cladding surrounded by
relocated material.

surrounded by alarge concentration of relocated material and that the relocated material reduced the stresses
in the oxide layer or provided structural strength to the oxide layer. The figure and the calculation results
thus indicate that in a region with a large amount of relocated material the code was underpredicting the
capability of the oxide layer to retain the liquefied metallic cladding and/or overpredicting the blockage to
oxidation of the intact cladding caused by the presence of relocated material.

4. Rules for Calculating Configuration and Integrity of Cladding

The PIE results indicate that the configuration and integrity of the cladding should be prescribed as a
function of a damage index as defined in Table 1 of Section 1 and as shown in Figure 3 though Figure 6 of
Section 1. According to the rules defined in Table 1 and Figure 3 through Figure 6, the metallic part of the
cladding maintains an annular configuration when the damage progression is limited to no ballooning of the
cladding or the metallic part of the cladding has not melted. Otherwise, the metallic part of the cladding isin
the shape of a segment of an annulus, or, in other words, in the shape of a quarter moon. The melted metallic
part of the cladding reacts with the oxidic part of the cladding and dissolvesit in an asymmetrical manner. If
high cladding temperatures are maintained and a significant temperature gradient exists across the oxidic
part, then the oxidic part may fail due to excessive stress or dissolve to the vanishing point at some point on
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its circumference for the case of steam-starved conditions. Then, the melted part of the cladding Sslumpsin
the configuration of drops.

This section defines the numerical values needed in the rules for cladding configuration and defines
the equation for evaluating the integrity of the cladding. Section 4.1 defines the rules for mapping the
configuration of the cladding after the metallic part has melted. Section 4.2 describes rules for defining the
behavior of partially oxidized cladding after relocated material from above has frozen onto the external
surface of the cladding. Section 4.3 presents the equations for calculating the thickness of the oxide layer
accounting for its dissolution and thinning due to chemical reaction with the adjacent metallic layer and
thickening due to oxidation. Section 4.4 presents the empirical equation used to calculate the failure of the
oxide layer and the corresponding release of melted cladding that had been retained by the oxide layer.
Section 4.5 revises the criterion for double-sided oxidation so it conforms better with theoretical and
experimental results.

4.1 Circumferential Relocation of Melted Cladding

The PIE results presented in Section 3 indicate that when ballooning occurs, melted metallic
cladding relocatesin the circumferential direction and changes in configuration from an annulus to a shape
approximating that of aquarter moon. If cladding ballooning has not occurred, this changein configuration
does not occur. The PIE results indicate that rules can be established for mapping the change in
configuration of the cladding after the metallic part has melted. These rules are described as follows. If
conditions are such that a liquefied metallic layer relocates in the circumferential direction, then on
average, the liquefied metallic layer relocates in the circumferential direction so that it is concentrated in a
180° segment of the circumference. After circumferential relocation of the cladding has occurred,
oxidation occurs on only the outer surface of the relocated metallic layer. Circumferential relocation
causes the inner surface of the metallic layer to be in contact with fuel and thus blocked from contact with
steam. Figure 14 describes the model for circumferential relocation. After melting of the metadlic layer,
oxidation occurs only over a180° circumferential segment of the outer surface of the metallic layer. Also,
a chemical reaction occurs between the metallic and oxidic parts of the cladding at their interface. This
chemical reaction results in an asymmetrical dissolution of the oxidic part of the cladding. For cladding
that has not ballooned or for metallic cladding with atemperature less than its liquefaction temperature, the
metallic layer remains annular in configuration.

Circumferentia relocation of the melted metallic layer is calculated to occur at any location where at
least a small amount of cladding ballooning has occurred. The relocation occurs wherever the amount of
ballooning is enough to satisfy the following inequality;

N+ Ay + Al 2Ty — T, 1)
where

€ = cladding hoop strain,

ri = inner radius of metalic layer (m),

Al¢ap = as-fabricated fuel-cladding gap (m),

Al = empirically determined constant,
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Fox = inner radius of oxide layer (m).

The value of the empirical constant Ar,,, was determined by trial and error. A value of 3 x 104 m
produced calculation results in best agreement with measured results. In general, circumferentia
relocation is calculated to occur where the hoop strain is greater than 0.01.

4.2 Behavior of Cladding at Locations with Relocated Material

The presence of a large concentration of relocated material on the outer surface of the cladding
changes the thermal, oxidation and structural behavior of the cladding. This section defines these changes
in behavior based upon the PIE results presented in Section 3.

The PIE resultsindicate that the presence of relocated material leads to an increase in the integrity of
the oxidic part of the cladding. Also, the presence of some material does not cause a total blockage of
steam for the oxidation of the metallic part of the cladding. The increase in integrity may be due to several
factors. First, there is a decrease in the temperature gradient across the cladding that is caused by the
relocated material as it cuts off the cladding surface from convective heat transfer. As shown in Section
4.4, this reduction in temperature gradient decreases the stresses on the cladding oxide layer. Second, the
relocated material may be oxidizing and generating heat with the result that the temperature gradient
across the oxide layer is further reduced. Third, the integrity may be enhanced due to relocated material
bridging fuel rods and thus providing radial support to the oxide layer. The continued ingress of steam for
oxidation after the presence of some relocated material may be due to diffusion through the relocated
material or by turbulent mass transport. A mechanistic model to calculate how the cladding integrity and
oxidation are effected by relocated material is not an appropriate option; a three-dimensional calculation
(axial, radial, and circumferential) of heat transfer, oxygen diffusion, and deformation would be required.
So a set of rules for defining the behavior of the cladding will be established that result in the behavior of
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the cladding conforming to PIE results. The set of rules will establish the behavior of the cladding as a
function of the concentration of relocated material at the externa surface of the cladding. The
concentration of relocated material will be measured by the fraction of local as-fabricated flow area (area
external to fuel rods) that is filled with relocated material.

The first rule in the set of rules for defining cladding behavior imposes a boundary condition on the
cladding that reduces its temperature gradient to the vanishing point and thus results in a vanishing of
thermal stresses in the oxidic part of the cladding. This boundary condition is imposed when the
concentration of relocated material exceeds a threshold value. The concentration of relocated material is
represented by the symbol fy;;, where fg, is the fraction of flow area at the location of the cladding that is
filled with relocated material. The threshold value is represented by the symbol fy. If f5 > iy, then the
temperature gradient across the cladding is assumed to be negligible. Aswill be shown in Section 4.4, this
vanishing of temperature gradient resultsin zero stressin the oxidic part of the cladding, and thus this part
of the cladding maintainsits integrity and maintainsits capability to retain the liquefied metalic part of the
cladding. The vaue of fy could not be directly determined either by theoretica analysis or from
experimental results. So it was determined by atrial and error method. The experiments studied in Section
2 were calculated and the axia distribution in cladding oxidation compared with the measured axial
distribution in cladding oxidation. The value of fy, equal to 0.05 produced calculated results in the best
agreement with experimental results.

The second rule in the set of rules for defining behavior imposes structural boundary conditions for
the cladding as a function of the concentration of relocated material. When the concentration of relocated
material, represented by the symbol fg);, exceeds the threshold value of fg,, then aceramic crust is defined
to form at the bottom of the relocated material that supports the possibly liquefied relocated material above
it. This rule is supported by the PIE results of PBF SFD 1-4 test,® which indicated that a large
concentration of material at atemperature of 2800 K slumped into the elevation interval of 0.10 m to 0.30
m. Thisrule is also supported by the investigation of the behavior of relocated melted cladding performed
by Veshchunov and Palagin.'* The ceramic crust is defined to support metallic melted material until the
ceramic crust attains its melting temperature. A crust with this characteristic can form by oxidation of the
bottom surface of the relocated material. A schematic of the cladding configuration imposed by thisruleis
shown in Figure 15. The relocated material is defined to not relocate further until the temperature at that
location exceeds the liquefaction temperature of the ceramic crust. A value of fg,, equal to 0.50 produced
calculated results in the best agreement with experimental results.

Thethird rulein the set of rulesfor cladding behavior imposes a boundary condition on the oxidation
of the cladding as a function of the concentration of relocated material at alocation. The oxidation of intact
cladding is assumed to proceed unabated by the presence of relocated material until the fraction of as-
fabricated flow areafilled with relocated material is greater than athreshold value. Thisthreshold valueis
represented by the symbol f4.. Thus, for f; > f,., the blockage is assumed to prevent oxidation from
occurring. For fg) < f4., the amount of steam available for oxidation is assumed to be the same aswould be
availablein the absence of ablockage. Thisruleisbased upon PIE results presented in Section 3 that show
complete oxidation of cladding at locations with a large concentration of relocated material and where
these locations are positioned such that complete oxidation could not have occurred before relocated
material was present. The value of f,. could not be directly determined either by theoretical analysis or
from experimental results. So it was determined by a trial and error method. The experiments studied in
Section 2 were analyzed and the calculated axial distribution in fraction of cladding oxidation compared
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Figure 15. Crust formation at bottom surface of large concentration of relocated material.

with the measured axial distribution in fraction of cladding oxidation. The value of f,. equal to 0.65
produced calculated results in good agreement with measured results.

4.3 Dissolution and Thinning of Oxide Layer

This section describes models for calculating the thinning of the oxide layer on fuel rod cladding by
dissolution into the metallic part of the cladding that is in contact with the oxide layer. The models are to
some extent based on the model for ZrO, dissolution developed by Wilhelm and Garcia®, which
calculates the dissolution of the oxide layer in a continuum composed only of Zr and ZrO,. Another model
for ZrO, dissolution developed by Veshchunov et. al.1% is also available. This model calculates the
dissolution of ZrO, in a continuum composed of UO,, Zr, and ZrO,. This model has the benefit of
accounting for the affect of UO, dissolution on ZrO, dissolution, but it aso has the disadvantage of
requiring acomplex numerical solution using diffusion coefficients that may not be accurately known for a
broad range of conditions. The Wilhelm and Garcia model, but not the Veshchunov model, can be
implemented within the defined scope of effort.

The Wilhelm and Garcia model is based on experimental data that showed the dissolution followed
an approximately parabolic kinetics relation after a short incubation period.17 During the incubation
period, the experimental results showed that there was a rapid dissolution of ZrO, by the Zr. At the end of
the incubation period, the mass fraction of ZrO, in the Zr-O mixture was 0.233. The incubation occurred
over a 14 sinterval of time.
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After the incubation period, the dissolution and thinning of the oxide layer followed in an
approximate manner the parabolic kinetics law. According to this law, the rate of thinning of the oxide
layer is given by the equation

=B
a5 _ %e(RT) )

d
where
) = depth of dissolution of ZrO, layer (m),
t = time (s)
T = temperature (K),
A, B = parabolic rate constants determined from experimental data,
R = gas constant (8.314mlOI : K) .

For a constant temperature, this equation can be integrated over atime interval to give

:@
82 -8 = 2A e[RT)At 3)
where
d, = depth of dissolution at end of time interval (m),
0; = depth of dissolution at beginning of time interval (m),
At = timeinterval (s).

Thevalue of § isequal to zero at the instant the incubation period is complete.

According to Wilhem and Garcia, the constants A and B in the above equation have the following
values,
3.35x 10%?

8.974 x 10°

A
B

In the first approach to modeling the dissolution of the ZrO, layer, the Wilhelm and Garcia
dissolution model was implemented as follows. First, the time at which the metallic part of the cladding
has completely melted is stored and the time at the end of the incubation period for dissolution is
identified.

Thus,
tc = tm + tcub (4)
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te = time at which the incubation period for dissolution is complete at alocation (s),
tm = time at which the metallic part of the cladding was completely melted (s),
teub = period of time for incubation dissolution (s).

Asindicated from experimental results, the value of t., is14 s.

Next, beginning at the time of t. at the location where incubation dissolution occurred, the reduction
in thickness due to dissolution is cal cul ated.

According to the experimental results examined by Wilhelm and Garcia, the mass fraction of ZrO, in
the liquefied Zr-O mixture is equal to 0.233. Thus, the maximum thickness of ZrO, that can be dissolved
during the incubation period can be calculated from the equation

Tc(pOXrChOX)
0.233 = 5
n(poxrchox) +npzrrc(ho_Ghox) ( )

where

Pox = density of ZrO, (kg/m?),

e = radius to midplane of cladding (m),

hox = thickness of oxide layer dissolved during incubation period (m),

0 = density of Zr (kg/m3),

G1 = Pilling-Bedworth ratio of ZrO, (1.5)*8,

ho = as-fabricated thickness of cladding (m).

Solving the above equation for hy,, the result is

_ 0.233p,,h,
"~ 0.767p,, + 0.233Gp,,

hox (6)

The thickness of the oxide layer at the end of the incubation dissolution period is then calculated by
the equation

dox = doxi _hox (7)

where

dox thickness of oxide layer at alocation at time of t. (m),

= thickness of oxide layer at alocation at time of t. not accounting for dissolution
during incubation period (m).

doxi
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For the typical values of r; and h,, the above equations calculate that the oxide layer is completely
dissolved at any location at which the cladding is less than 19% oxidized at the time that the metallic part
of the cladding at that location is completely liquefied.

For atime greater than t., the cumulative amount of dissolution is calculated by the integration of the
parabolic kinetics equation over atime step. The change in temperature during atime step is assumed to be
negligible. Applying the results of integration shown in Equation (3),

0.5

-5
S, = [sf +2A e(RT)At} (8)
where
8§ = cumul ative depth of dissolution at alocation at end of time step (m),
82 = cumulative depth of dissolution at alocation at start of time step (m),
At = time step (s),

>
w
1

constants defined in Equation (3).

For atime greater than t., the cumulative increase in oxidation is calculated by the equation

doxc2 = doxci + Adox (9)
where
Joxc2 = cumulative increase in oxide thickness at end of time step (m),
Joxc1 = cumulative increase in oxide thickness at start of time step (m),
Adyy = increase in thickness of oxide layer during time step as calculated by the clad-
ding oxidation model?’, which accounts for steam starvation and mass transfer
limitations.

In the above equation, d,y; IS not reduced to account for the dissolution of the oxide layer. The
parabolics kinetics equation for oxidation is based upon cumulative weight gain of oxygen in the cladding.
The cumulative weight gain is not affected by dissolution.

The oxide thickness accounting for dissolution and oxidation is calculated by the equation
d0x2 = doxl - 62 + 61 + doxc2 - doxcl (10)
where

oxidethickness at end of time step at location of cladding with adjacent metallic
and oxidic layers (m),

dox2

dox1 = same as dqy» but for start of time step (m).
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The cladding configuration cal culated by the models for dissolution and oxidation is shown in Figure
16. A schematic of the change in oxide thickness during atime step is shown in Figure 17.

ZrO, with same
thickness as at time

Zr melted and relocated uo,
in circumferential
direction
d0x2
Zro, that is thinning due to Melted Zr

dissolution and thickening
due to oxidation

Figure 16. Cladding configuration calculated by models for dissolution and oxidation.
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Figure 17. Schematic of change in thickness of cladding oxide layer during time step.

An aternative approach to calculating the depth of dissolution of the oxide layer was aso
implemented. This approach is based on the concept that the dissolution of the oxide layer proceeds at a
rate that is some fraction of the dissolution of the fuel on the other side of the metallic layer. This approach
has the virtue of more directly accounting for the effect of fuel dissolution on cladding oxide dissolution.
The kinetics equations™® for the depth of dissolution of UO, and ZrO, immediately after the end of the
incubation period are;
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0.5

—1.067x10°
Ad, = [3.85x1017e RT At} (11)

0.5

-8.97x10°
Ad, = {3.35x1012e RT At} (12)
where
Ad, = depth of dissolution of UO, during time interval of At at beginning of period
for which the parabolic kinectics equation is applicable (m),
Ad, = depth of dissolution of ZrO, during time interval of At at beginning of period
for which the parabolic kinetics equation is applicable (m),
At = time step (s),
= temperature (K),
R = gas constant (8.314 J/mol - K).

According to the theoretical results of Veshchunov?®, the above equation for calculating the depth of
dissolution of the UO, may overpredict the depth of dissolution by a factor of two or more. This
discrepancy is due to the rate of dissolution equation for UO, being based on experimental results that did
not account for simultaneous dissolution of a ZrO, layer. Since information is not available to account for
the simultaneous dissolution of UO, and ZrO, within the framework of the model developed in this report,
these effects are assumed to be negligible.

After the incubation period, the rate of dissolution of UO, by Zr is faster than the rate of dissolution
ZrO, by Zr. The depths of dissolution for UO, and ZrO, for arange of temperatures and atimeinterval of
0.1 sareshown in Table 7. The depths of dissolution were cal culated assuming no prior dissolution beyond
the incubation period and assuming no interaction between the dissolution of UO, and ZrO,. Also, the
dissolution was not limited at the liquidus or solidus boundaries of the phase diagram for a mixture of U-
Zr-O. The rate of dissolution of the UO, is a factor of four or greater than the rate of dissolution of the
ZrO,. As shown in Table 3, the rate of dissolution of UO, relative to that of ZrO, increases with
temperature.
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Table 7. Comparison of depths of dissolution of UO, and ZrO, for case of no prior dissolution and time
interval of 0.1s.

Temperaure | CGE 0y | dickoluion.
(K) (mm) (mm)
2200 0.04 0.01
2300 0.18 0.04
2400 0.48 0.10
2500 1.40 0.25
2600 3.75 056

In this alternative approach, the depth of dissolution of the ZrO, layer is calculated by the following
four equations. First,

f,, = Ad,/Ad, (13)

where

fou = ratio of rate of dissolution of ZrO, to UO, at current temperature.

The depth of dissolution of the UO, during the time step is then calculated by the equations®’

dyp = [0 +7.70x10Y e OO0 /R A0

(14)
Ad, = dy,—dy;
where
dy - cumul ative depth of dissolution at start of time step (m),
dyo = cumul ative depth of dissolution at end of time step (m),
Ad, = increment of dissolution during time step (m).

If the state of the Zr-U-O mixture as indicated by its phase diagram is outside the liquid regime, the
increment of dissolution of UO, during the time step is equal to zero.

The increment of dissolution of ZrO, during the time step is cal cul ated by the equation

8,—8, = f,Ad,. (15)
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A more mechanistic calculation of the thickness of the oxide layer may be possible with a model
proposed for implementation in the SCDAP/RELAPS code in the near future. This proposed model is
designed to replace the existing parabolic kinetics equations for dissolution and oxidation with a
simultaneous cal culation of dissolution and oxidation that is based on the integral diffusion method.18:20:21
When this method is implemented and extended for application to melted metallic cladding interfacing
with UO, at its inner surface, the transient oxide thickness, represented by the variable d,,,, would be
directly calculated, and the equations shown above to calculate §, and dgy > Would not be needed.

4.4 Failure of Oxide Layer

The integrity of the oxide layer is determined by comparing the maximum stress in the oxide layer
with the failure stress of the oxide layer. Stresses are generated in the oxide layer by atemperature gradient
across the oxide layer. If the thickness of the oxide layer is not uniform in the circumferential direction,
then a concentration of stress occurs at the point on the circumference with the minimum thickness. This
concentration occurs because the force induced in the hoop direction by thermal stress from atemperature
gradient must balance at all points on the circumference. When the stress exceeds the failure stress, the
oxide layer at that point is regarded as no longer capable of retaining the melted metallic part of the
cladding at that point. A breach is assumed to occur in the oxide layer and the melted cladding slumps
through the breach. The previous model for cladding failure uses two empirically determined constants
and calculates failure based on the cladding temperature and extent of oxidation. The new model for
cladding failure applies two empirically determined constants to a mechanistic calculation of the stresses
in the oxide layer.

The previous model in SCDAP/RELAP5/MOD3.2 for calculating the structural strength of the oxide
layer was a simple model with two empirical constants.1® The model was similar to that used by other

severe accident analysis computer codes such as the ICARE2 code*? developed in France and the
SEFDAN code®® devel oped in Japan. The model is described by the equation

fs=1 Taad < Tra OF (fox > finr @d Tejag < Tiox) (16)

f<=0; conditions other than those for fg=1

where

fg = indicator of structural strength of the oxide layer; 1 = structural
strength is sufficient to retain liquefied material, O = structural
strength not sufficient to retain liquefied material,

Teoad = temperature of oxide layer (K)

fox = fraction of oxidation of cladding,

Tta = user-defined temperature (K) at which the oxide layer fails when
this temperature is exceeded and the fraction of oxidation isless
than the user-defined threshold value of fy,.. The default values for
Ty and fy, were 2500 K and 0.6, respectively,

Trnox = melting temperature of oxide layer in contact with Zr (2830 K).
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If Toad > Timoxe then that location of the fuel rod began the transition in configuration from that of an
intact rod to that of a molten pool. In this case, liquefied material was assumed to not slump down the
surface of fuel rods.

The new model for cladding failure compares the stresses in the oxide layer with the failure stress of
the oxide layer. Since there is an order of magnitude uncertainty in the failure stress of the oxide layer and
also large uncertainties in other structural properties, empirically determined constants are also needed
with this model.

The model developed by Boldyrev et a?? is used to calculate the stresses in the oxide layer.
According to this model, the maximum circumferential stress in an oxide layer is calculated by the
equation

2

= O.EaATELZ 17)
(dox2=87)
where
c = maximum circumferential stressin oxide layer (Pa),
o = coefficient of thermal expansion of oxide layer (1/K),
AT = difference in temperature between inside and outside surfaces

of oxide layer (K),

E = modulus of elasticity of oxide layer (Pa),
doyo = thickness of oxide layer not accounting for fuel dissolution (m),
5, = depth of dissolution of oxide layer (m).

The thickness variables in the above equation are a stress factor term that accounts for the localized
thinning of the cladding due to dissolution. If thinning due to dissolution does not occur, the stress factor
term is set to one.

The effective stress in the cladding oxide layer is calculated by the equation

G.f = CO (18)
where

Ot = effective stressin cladding oxide layer (Pa),

C = empirical constant.

The empirical constant ¢ was determined by trial and error. The best agreement of cal culations with
measured results for regions of afuel rod without alarge amount of ballooning (hoop strain less than 0.05)
was obtained with the following value, ¢c = 2.2. In regions of afuel rod with alarge amount of ballooning,
the calculations of dissolution of the oxide layer and stress in the oxide layer have a large amount of
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uncertainty. In these regions, where the cladding hoop strain is greater than 0.05, the best agreement of
claculations with measurements is obtained with ¢ equal to a value of zero. Thus, the modeling excludes
stress induced failure of the oxide layer in ballooned regions.

The above eguation calculates the stresses to be very high at a location in which dissolution of the
oxide layer reduces its thickness to the vanishing point.

The oxide layer will be considered to lose its structural integrity and release retained liquefied
material when the following condition holds;

Geff > Su (19)

where
Sy = ultimate strength of oxide layer as determined by MATPRO™® (Pa).

For an oxide temperature greater than 1869 K, MATPRO assigns S, a constant value of 1.x10° Pa,
with an expected standard error of = 0.7 times the predicted value. Since a large amount of uncertainty
exists in the value of S, the constant c in the eguation for stress adjusts for this large amount of
uncertainty.

The variable AT in Equation 16 for o is not directly calculated by SCDAP; the code calculates the
temperatures of the inside and outside surfaces of the cladding but not specificaly the inside and outside
temperatures of the oxide layer of the cladding. Nevertheless, the inside and outside temperatures of the
oxide layer will be assumed to be same as the inside and outside temperatures of the cladding. Since the
thermal conductivity of the ZrO, part of the cladding is much less than that of the Zr part of the cladding,
this assumption is appropriate for al but a ZrO, layer that isthin relative to the Zr layer.

4.5 Identification of Regions with Double-Sided Oxidation

The correct modeling of cladding oxidation and meltdown requires a correct identification of the
regions in a fuel rod where its cladding is being oxidized on both its inner and outer surfaces. The large
degree of test bundle degradation that occurs in severe fuel damage tests limits PIE results from these
experiments as a basis for developing an empirical model for identification of the regions with double-
sided oxidation. But theoretical analyses’, experimental results for loss of coolant accidents 22324 and
experimental results for the quenching of hot fuel rods? provide a basis for improving the model in
SCDAP/RELAPS/MOD3.2 for identifying the regions of areactor core with double-sided oxidation. The
improved model is expected to result in a more wide spread agreement with experimental results of
calculated rate of heatup and calculated extent of cladding oxidation.

The current model for identifying the regions with double-sided oxidation is shown in Table 8. The
identification of the region of double-sided oxidation is based on only two parameters, namely the
cladding hoop strain and whether the cladding has ruptured. If the cladding has ruptured and the local hoop
strain is greater than the user-defined threshold hoop strain (ey,), then double-sided oxidation is modeled as
occurring at that location. Otherwise, the oxidation is considered to be single-sided. The threshold hoop
strain for double-sided oxidation has a default value of 0.07. The current model does not account for the
circumferential relocation of the liquefied layer of metallic cladding and its effect on the area on which
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oxidation occurs. The current model also does not account for double-sided oxidation occurring in the
event that hot embrittled cladding experiences the beginning of quenching.

Table 8. Current model for identifying regions with double-sided oxidation.

saang | 92019 | "’
hoop strain ' oxidation
<en No 1
<€ Yes 1
>en No 1
>en Yes 2

The proposed modd will determine the regions of double-sided oxidation using different parameters
than the current model. Instead of evaluating the ratio of local hoop strain to a threshold hoop strain, the
distance alocation is from a breach in the cladding will be compared with the steam penetration distance,
represented by the symbol I;,. If alocation is within |;, of a breach in the cladding, then double-sided
oxidation is assumed to occur at that location. Theoretical results® for the case of large cladding hoop
strains and experimental results>?3 indicate that the value of I, is only afew cm. Thus, |;, will be assumed
to have a value of 0.05. The relatively small value for |, isin part due to the Zr within a few cm of the
breach being able to consume all of the available steam and in part due to the expansion of the gasesinside
the fuel-cladding gap as the temperature rises and as further fission gas release occurs. The value of |;, may
be greater under reflood conditions but the increase in value will be assumed to be small relative to the
length of an axial node, which in general is 0.10 min length or greater.

Experiments have shown that a breach due to ballooning in the cladding during severe accident
conditions may extend over a considerable length compared to that for large break loss of coolant
accidents®2%. In the PBF SFD 1-1 test,? cladding breach and double-sided oxidation were observed over a
length of 0.4 m and within this 0.4 m length the cladding ballooned to hoop strains of about 0.18 or greater.
Since a mechanistic model for calculating the length of cladding breach is not available and the length of
cladding breach in severe accident tests is usually not available due to the cladding damage that occurs
during the experiments, the length of breach will be defined to be the portion of the cladding extending
upward and downward from the location of initial cladding rupture with a hoop strain greater than 0.18.
Double-sided oxidation will be calculated to occur at any location within the axial section of the cladding
with a breach.

The identification of the region of a fuel rod with double-sided oxidation will take into account
whether the metallic part of the cladding relocates in the circumferential direction after it liquefies. As
previously shown in Figure 14, circumferentia relocation is assumed to cause the inner surface of the
metallic layer to be in contact with fuel and thus blocked from contact with steam. So for the case of
circumferential relocation of liquefied cladding, oxidation will be assumed to occur only on the outside
surface of the metallic layer.
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If hot cladding is locally embrittled and in the process of being quenched, double-sided oxidation
occurs at that location due to cracks that develop in the cladding and result in paths for steam to contact the
inner surface of the claddi ng.25 The model for identifying the regions with double-sided oxidation will be
extended to account for this experimentally observed behavior of the cladding. The model will apply
variables calculated by SCDAP/RELAP5/MOD3.2 to determine whether the cladding is locally embrittled
and whether it is locally being subjected to quenching. In addition to the existing model for calculating
embrittlement of the cladding, which calculates embrittlement based only upon oxygen uptake, the new
model for identifying the region of double-sided oxidation will apply the embrittlement of the cladding due
to hydrogen uptake®2°. This model for cladding embrittlement is defined in another preliminary design
report?°. If the cladding at an axial node is locally embrittled and in the process of being quenched, then
double-sided oxidation will be defined to occur at that axial node.

The proposed model for identifying regions of the reactor core with double-sided oxidation is
summarized in Table 9. The table has a column for each of the four variables in the model for identifying
the region of double-sided oxidation; (1) indicator of cladding rupture, (2) distance from breach in
cladding, (3) indicator of melting of liquefied part of cladding, and (4) indicator of cladding being
guenched after embrittlement. Column entries that are blank denote variables that do not influence whether
the oxidation is single-sided or double-sided for the values shown in the other columns for that row of the
table. Double-sided oxidation occurs at a locality only when two states of the cladding exist; (1) the
locality iswithin |;, of acladding breach and the local metallic part of the cladding is not liquefied, and (2)
the locality is embrittled, in the process of being quenched, and the local metallic part of the cladding is not
liquefied. The case of the simultaneous occurrence of a liquefied metallic layer and quenching is not
shown in this table because for this state of the cladding the oxide layer is expected to crack and release the
liquefied material it retained.

Table 9. Proposed model for identifying regions with double-sided oxidation.

Cladding
claddin Distance Metalic | embrittled | Number
U tureg from cladding and of sides of
prure: breach liquefied? | quench oxidation
occurring?
(m)
no no 1
no yes 2
yes yes no 1
yes >lio no 1
yes <ljo no 2

5. Integration and Implementation

This section describes the integration and implementation of models for the configuration and
integrity of partialy oxidized cladding at high temperatures. The models to be integrated and implemented
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were described in Section 4 of this report. The described models perform calculations to determine; (1)
configuration of metalic part of cladding after it has liquefied, (2) effect of relocated material on integrity
of oxidic part of cladding, (3) thickness of oxidic part of cladding accounting for oxidation and dissolution,
(4) stressin oxidic part of cladding relative to its failure stress, and (5) locations of cladding with double-
sided oxidation.

The five models for cladding configuration and integrity supply information for each other and for
other damage progression models. The integration of the five models and the application of their output are
shown in Figure 18, Figure 19, and Figure 20. These figures are flow charts of the order in which various

FUELAN
behavior of
fuel rods
e .
| | |
MOVCIR BLKEFF OXIDIZ LIQSOL | HEATC2 CLDDFM
relocation effect of oxidation | | relocationof | ! [ heat conduc- ballooning of
of melted relocated g aggi . claddingin | | | tioninfuel cladding due
cladding in material on 9 || axial direction | | | rodin axial excessive
circumferential . fl ad_c:| ng q and oxidation | | and radial internal
direction moi?(rjla’zs: of relocated | | | directionand pressure
. cladding | resulting
Input | | temperature
concentration distribution
LIQSOL of relocated !
material Group A
output subroutines
oxide
STRSOX structural
behavior
OXIDIZ bl ockage of
steam

Figure 18. Integration and application of models for cladding configuration and integrity.

subroutines in SCDAP/RELAPS are called to calculate the progression of damage in fuel rods. The five
models for cladding configuration and integrity are each represented by a new subroutine. The sequence of
al capitalized letters at the top of abox in the figure is the name of the subroutine represented by that box.
The function of each subroutine is also summarized in the box representing the subroutine. The solid lines
connecting subroutines indicate subroutines that were previously implemented. The dashed lines
connecting subroutines indicate the implementation of subroutines that contain the models described in
this report. For these subroutines, the input variables and the source of the input variables are identified in
Figure 19 and Figure 20. The output variables of these subroutines are also identified in Figure 19 and
Figure 20. As shown in these figures, the magjor function of the five subroutines is to feed information to
the subroutines that calculate cladding oxidation (OX1DI1Z) and cladding relocation in the axial direction
(L1QSOL). Cladding oxidation is calculated taking into account the reduction in surface area (about 50%)
that occurs when melted cladding relocates in the circumferential direction. It is also calculated taking into
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Figure 19. Input and output of subroutine MOV CIR.
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Figure 20. Flow chart of Group A subroutinesin Figure 18.

account the effect of relocated material on oxidation as indicated by PIE results. The locations with
double-sided oxidation of the cladding are identified taking into account theoretical and experimental
results. The integrity of the cladding oxide layer and the time at which it fails and releases the retained
melted cladding is calculated based on a structural analysis of the oxide layer. The integrity of the oxide
layer is calculated by the new subroutine named STRSOX, which replaces the calculation in the existing

subroutine named ZOFAIL.
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6. Testing and Assessment of Model Improvements

The modeling improvements described in Sections 4 through 5 were tested and assessed using the
results of the PBF SFD 1-12 and PBF SFD 1-42 experiments. These experiments obtained measurements
useful for assessing the modeling improvements. These measurements included: (1) axial variation in
extent of oxidation of cladding, (2) axial distribution in slumping of cladding and in blockages formed by
slumping cladding, and (3) total hydrogen production.

The calculated axial distribution in oxidation for the PBF SFD 1-1 test was significantly improved by
the implemented changes in the modeling of the configuration and integrity of partialy oxidized cladding
at high temperatures. Comparisons of the calculated and measured axia distribution in cladding oxidation
are compared in Table 10. The calculations were performed using the model for oxide layer dissolution
that couples this dissolution with the fuel dissolution. At the 0.74 m elevation (upper part of approximately
1 m long fud rod) without the modeling changes, the calculated and measured extents in cladding
oxidation were 0.46 and 0.11, respectively. The calculated extent of oxidation was significantly greater
than the measured extent because oxide failure was defined to not occur until the cladding temperature had
exceeded 2500 K. With the modeling changes, the calculated and measured extents of oxidation at the 0.74
m elevation were 0.20 and 0.11, respectively. At the elevation of 0.23 m without the modeling changes, the
calculated and measured extents of oxidation were 0.13 and 1.0, respectively. The calculated extent of
oxidation was considerably less than the measured extent. With the modeling changes, the calculated and
measured extents of oxidation at the 0.23 m elevation were 1.0 and 1.0, respectively.

The calculated and measured relocation of the cladding are aso in good agreement for the PBF SFD
1-1 test. Comparisons of calculated and measured cladding relocation are also shown in Table 10. Melted
fuel rod cladding with dissolved fuel was calculated to slump from the elevation intervals of 0.30 mto 0.40
m and 0.80 m to 1.0 m. The slumping in the 0.30 m to 0.40 m interval was calculated to be due to stress
induced failure of the oxide layer retaining melted cladding with dissolved fuel. The sumping in the
interval of 0.70 m to 0.90 m was calculated to be due to dissolution of the oxide layer by the melted
cladding it retained. The slumping cladding was calculated to freeze and form a blockage in the interval of
0.10 mto 0.20 m. The calculated location of blockage isin good agreement with the measured location of
blockage.

The cladding oxide layer was calculated to fail due to excessive stress at some locations and fail due
to excessive dissolution at other locations. The calculated conditions in the cladding oxide layer at each
location of failure are shown in Table 11 for the PBF SFD 1-1 Test. In the elevation interval of 0.3 mto 0.4
m, the oxide layer failed due to stress. In the elevation interval of 0.40 m to 0.60 m, the oxide layer failed
due to excessive dissolution after temperatures exceeded 2700 K. This elevation interval had hoop strains
greater than 0.1. In the elevation interval of 0.7 m to 0.9 m, the oxide layer failed during the incubation
stage of dissolution, when an oxide thickness equivalent of oxidizing up to 19% of the cladding can be
dissolved in 14 s. At the location in which the oxide layer failed due to stress, the cladding temperature and
fraction of cladding oxidation at the time of failure were 2234 K and 0.31, respectively.  After the
incubation period of dissolution, the rate of dissolution in the steam-rich  region of the fuel rod was
calculated to be less than the rate of increase in oxide thickness due to oxidation. Asaresult, in thisregion
there was no increase in stress in the oxide layer due to thinning by dissolution. The cladding oxide layer
was calculated to maintain its integrity in the elevation interval of 0.10 m to 0.30 m due to the presence of
relocated material. The cladding oxide layer was calculated to maintain its integrity in the bottom 0.1 m



section of the fuel rod and in the top 0.1 m section of the fuel because in these regions the cladding

temperature did not exceed its melting temperature.

Table 10. Comparison of calculated and measured axial distribution in cladding oxidation and relocation
for PBF SFD 1-1 Test.

Measured | Calculated fraction | Measured | Calculated | Measured | Calculated
Elevation | fractionof | Of cladding oxidized | slumping slumping blockage blockage
(m) gl)i?j?;;g _before : after YEes or no yes or no yes or no yesor no
improv. | improv.

0.04 0.60 0.0 0.0 no no no no
0.14 1.00 0.51 0.78 no no yes yes
0.23 1.00 0.13 1.00 no no no no
0.33 0.25 0.16 0.32 yes yes no no
0.46 0.65 0.36 0.53 no yes no no
0.61 0.45 0.38 0.50 no no no no
0.74 0.11 0.46 0.20 yes yes no no
0.88 0.20 0.34 0.13 yes yes no no

Table 11. Calculated conditions of cladding oxide layer at time of failure for PBF SFD 1-1 test.

Time | Temper- | Fraction Depth
Elevation of atureat | oxidation Zro2
interval | failure | failure | & failure AT | dissolution
Mode of Hoop
(m) (9 (K) failure (K) (mm) strain
0.30-0.40 2127 2234 0.31 overstress 1.6 0.0 0.04
0.40- 0.50 2230 2700 0.52 dissolution 83 0.17 0.14
0.50- 0.60 2259 2700 0.46 dissolution 6.4 0.16 0.14
0.70-0.80 2199 2220 0.18 dissolution - 0.11 0.04
0.80- 0.90 2412 2199 0.13 dissolution - 0.08 0.01

The total hydrogen production was calculated to be 112 g for the PBF SFD 1-1 test. The hydrogen
production was measured to be 64 = 7 g. The hydrogen production without the modeling changes
described in this report was calculated to be 94 g. Since the calculations with the modeling changes
calculated less extent of oxidation of intact cladding than those without the modeling changes, it is evident
that the calculations with the modeling changes are overpredicting the extent of oxidation of relocated

cladding.

The calculated axial distribution in oxidation for the PBF SFD 1-4 test were also improved by the
implemented changes in the modeling of the configuration and integrity of partially oxidized cladding at
high temperatures. The improvements were not as significant as those for the PBF SFD 1-4 test.
Comparisons of the calculated and measured axia distribution in cladding oxidation are compared in
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Table 12. The calculations were performed using the model for oxide layer dissolution that couples this
dissolution with the fuel dissolution. The calculation results are shown for a test fuel rod with a small
amount of burnup, for which only a small amount of cladding ballooning was calculated to occur. At the
0.85 m elevation (upper part of 1 m long fuel rod) without the modeling changes, the calculated and
measured extents in cladding oxidation were 0.86 and 0.22, respectively. The calculated extent of
oxidation was significantly greater than the measured extent. With the modeling changes, the calculated
and measured extents of oxidation at the 0.85 m elevation were 0.30 and 0.22, respectively. At the
elevation of 0.25 m without the modeling changes, the calculated and measured extents of oxidation were
0.11 and 1.0, respectively. The calculated extent of oxidation was considerably less than the measured
extent. With the modeling changes, the calculated and measured extents of oxidation at the 0.25 m
elevation were 0.70 and 1.0, respectively. These improvements in the calculation of oxidation are due to
the same modeling changes identified for the improvements in the calculations for the PBF SFD 1-1 test.
Even with the modeling changes, the oxidation was still significantly underpredicted in the lower 0.2 m of
the fuel rod. This discrepancy is due to the temperature in the lower part of the bundle being
underpredicted. At the 0.05 m elevation, the maximum temperature was calculated to be 630 K and
measurements indicated that the maximum temperature was greater than 1200 K. This discrepancy in
temperature may be due to factors other than the modeling of cladding oxidation and meltdown.

The calculated and measured relocation of the cladding are in fairly good agreement for the PBF
SFD 1-4 test. Comparisons of cal culated and measured cladding relocation are shown in Table 12. Melted
fuel rod cladding with dissolved fuel was calculated to Slump from the elevation intervals of 0.40 m to
0.80. The slumping was calculated to be due to stress induced failure of the oxide layer retaining melted
cladding with dissolved fuel. The slumping cladding was calculated to freeze and form a blockage in the
interval of 0.10 m to 0.20 m. The PIE results showed that the major blockage was in this elevation
interval. The PIE results also showed minor blockages in the elevation interval of 0.0 mto 0.10 mand in
the elevation interval of 0.20 m to 0.40 m. In these elevation intervas, the calculations predicted that
blockages did not occur.

Table 12. Comparison of calculated and measured axial distribution in cladding oxidation and relocation
for PBF SFD 1-4 test

Measured Ca'%‘;'gfidf{r?g“ O | Measured | Calculated | Measured | Calculated
Elevation | fractionof oxidized slumping | slumping | blockage | blockage
cladding
(m) oxidized i?ne;(r)é\? i n?:)tre(;v yesorno | yesorno | yesorno | yesorno
0.05 0.10 0.0 0.0 no no yes no
0.15 10 0.02 0.10 no no yes yes
0.25 1.0 0.11 0.70 no no yes no
0.35 0.50 0.52 0.87 yes no yes no
0.55 <0.30 0.37 0.28 yes yes no no
0.75 0.37 0.26 0.23 yes yes no no
0.85 0.22 0.86 0.30 yes no no no
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The cladding oxide layer was calculated to fail due to stress at temperatures less than 2300 K. The
conditions of the oxide layer at the time of failure for the PBF SFD 1-4 test are shown in Table 13. Some
thinning of the oxide layer due to dissolution was cal cul ated to occur at each location of failure. The stress
in the oxide layer was calculated to be increased by a maximum of 11% due to a decrease in thickness at
points on the circumference where dissolution occurred.

Table 13. Calculated conditions of cladding oxide layer at time of failure for PBF SFD 1-4 test

Temper- | Fraction Depth
Elevation | Time of atureat | oxidation ZrO2
interval failure failure | atfailure AT dissolution
Mode of Hoop
(m) (9 (K) failure (K) (mm) strain
0.40-0.50 | 2149 2215 0.28 stress 16 0.01 0.02
0.50-0.60 | 2116 2215 0.28 stress 16 0.02 0.02
0.60-0.70 | 2287 2269 0.25 stress 16 0.02 0.02
0.70-0.80 | 2500 2248 0.22 stress 13 0.02 0.02

Thetotal hydrogen production with the modeling changes was cal culated to be 81 g for the PBF SFD
1-4 test. The hydrogen production was measured to be 86 + 12 g. The hydrogen production without the
modeling changes described in this report was calculated to be 94 g.

7. Conclusions

Models were designed for resolving deficiencies in the SCDAP/RELAP5/MOD3.2 calculations of
the behavior of hot, partially oxidized cladding. These deficiencies were identified from comparisons of
calculated and measured variations in the axial direction of the extent of cladding oxidation and the extent
of fuel rod relocation. In order to resolve the deficiencies, models were designed for severa different
aspects of fuel rod behavior. In general, the modeling changes are empirical rather than mechanistic due to
mechanistic modeling requiring an order of magnitude increase in the spatial detail that describes fuel rod
behavior and due to material properties for mechanistic modeling not being firmly established. An
assessment of the modeling changes indicated that they significantly improved the calculation of the axial
distribution in oxidation fuel rod cladding.

The modeling of the behavior of fuel rod cladding at high temperatures was improved in five areas.
First, the configuration defined for melted metallic cladding retained by an adjacent oxide layer was
improved. The major basis for thisimprovement was a compilation of PIE results from severe fuel damage
tests of the configuration of melted metallic cladding. In general, the PIE results showed that melted
cladding relocates in the circumferential direction in cladding that has experienced at least a small degree
of ballooning. The relocation in the circumferential direction decreases by about a factor of two the
surface area of metalic cladding in contact with steam. Second, the empirical model to account for the
effect on oxidation of intact cladding of relocated material was modified to account for PIE results
showing that the oxidation of intact cladding is not significantly reduced by the presence of arather high
concentration of relocated material. Third, models for the dissolution of the oxide layer by the metallic
layer were implemented into the code. Fourth, amodel was added to calculate the thermal stress applied to
the oxide layer by the temperature gradient across the oxide layer and to compare this stress to the ultimate
strength of the oxide layer. The extent of dissolution is taken into account when evaluating the structural
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integrity of the oxide layer. Fifth, anew rule based on theoretical and experimental results was established
for identifying the regions of a fuel rod with oxidation of both the inside and outside surfaces of the
cladding. After integration of each of these modeling changes, the calculated axial distribution in cladding
oxidation and relocation are in significantly better agreement with experimental results than is currently
the case.

The assessment of the modeling changes indicates that the calculation of fuel rod oxidation and
meltdown under severe accident conditions is improved by accounting for the following three aspects of
cladding behavior; (1) circumferentia relocation of melted cladding, (2) dissolution of the oxide layer by
the metallic layer adjacent to it, and (3) failure of the oxide layer due to thermal stressesin the oxide layer.
The modeling changes were assessed by comparing measurements of the axial distribution in cladding
oxidation and meltdown with calculations of these variables with and without the extensions in modeling.
The assessment was performed using two severe fuel damage tests; PBF SFD 1-1 and PBF SFD 1-4. In
calculations performed without the modeling changes, the extent of cladding oxidation was significantly
overpredicted in the upper part of afuel rod, where steam starvation limits the thickness of the oxide layer
even though the temperature of the cladding in rapidly increasing. The calculation of the extent of
oxidation at this location wee significantly improved by accounting for the rapid but finite amount of
dissolution of the oxide layer that occurs for a short period of time (~14s incubation period) after the
initiation of melting of the metallic part of the cladding. In calculations performed without the modeling
changes, the extent of oxidation of the fuel rod cladding was significantly underpredicted in the lower part
of the fuel rod, where alarge concentration of relocated material froze to the cladding. The calculation of
the extent of oxidation in this region was significantly improved by accounting for the effect of the
presence of relocated material on oxidation in a manner consistent with PIE results, which show that the
presence of even arather high concentration of relocated material does not significantly reduce the rate of
oxidation of the intact cladding upon which the relocated material froze. In calculations performed
without the modeling changes, the extent of oxidation of the fuel rod cladding was significantly
overpredicted at the location of peak axia decay heat. The calculation of the extent of oxidation at this
location was significantly improved by accounting for the large thermal stresses induced in the cladding by
the large temperature gradient at this location caused by rapid oxidation and high decay heat.

The calculations showed that at steam-rich locations the stresses in the cladding are not significantly
increased by dissolution of the oxide layer. At these locations, the increase in thickness of the cladding
dueto oxidation wasin general calculated to be greater than or about equal to the decrease in thickness due
to dissolution. Thus, the stress in the oxide layer at these locations was calculated to not be significantly
increased due to athinner oxide layer at the points on its circumference where dissol ution occurred.

The calculation of total hydrogen production increased by 20% for the PBF SFD 1-1 test and was not
significantly changed for the PBF SFD 1-4 test. For calculations with and without the modeling changes,
the hydrogen production was somewhat overpredicted for the PBF SFD 1-1 test and in close agreement
with the measured value for the PBF SFD 1-4 test.

The modeling changes described in this report will be further assessed with the results of several
other severe fuel damage experiments after two models are implemented in SCDAP/RELAP5 These
models are; (1) a model for hydrogen uptake and the heatup caused by the uptake, and (2) an integra
diffusion model for cladding oxidation that calculates both the rate of oxidation and the rate of dissolution
of the oxide layer by the metallic cladding in steam-starved locations at high temperature. Both of these
models are expected to significantly impact the calculation of the oxidation and meltdown of the cladding
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in the steam-starved upper region of afuel rod. After melting of the metallic part of the cladding occurs at
locations of a fuel rod with a large amount of cladding ballooning, PIE results indicate there is a large
amount of uncertainty on the subsequent behavior of the oxide layer. The behavior for these conditions
also requires further assessment.
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